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Abstract
Maize streak virus (MSV) continues to be a major biotic constraint for maize production throughout Africa. Concerning 
the quantitative nature of inheritance of resistance to MSV disease (MSVD), we sought to identify new loci for MSV resist-
ance in maize using  F2:3 population. The mapping population was artificially inoculated with viruliferous leafhoppers under 
screenhouse and evaluated for MSVD resistance. Using 948 DArT markers, we identified 18 quantitative trait loci (QTLs) 
associated with different components of MSVD resistance accounting for 3.1–21.4% of the phenotypic variance, suggesting 
that a total of eleven genomic regions covering chromosomes 1, 2, 3, 4, 5 and 7 are probably required for MSVD resist-
ance. Two new genomic regions on chromosome 4 revealed the occurrence of co-localized QTLs for different parameters 
associated with MSVD resistance. Moreover, the consistent appearance of QTL on chromosome 7 for MSVD resistance is 
illustrating the need for fine-mapping of this locus. In conclusion, these QTLs could provide additional source for breeders 
to develop MSV resistance.
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Introduction
Amongst the maize virus diseases, Maize streak virus 
(MSV, genus Mastrevirus) still is a persistent concern that 
continues to cause significant yield loss in maize produc-
tion areas across sub-Saharan Africa (SSA). MSV Disease 
(MSVD) was first reported in South Africa in the beginning 
of twentieth century and is now known to occur throughout 
Africa south to the Sahara and adjacent to the Indian Ocean 
islands (Fuller 1901; Harkins et al. 2009). MSV is transmit-
ted by several species of leafhoppers belonging to the genus 
Cicadulina, especially C. mbila (Naudé) and C. triangular 
(Ruppel) in a persistent and circulative mode of transmis-
sion. Although MSVD incidence and severity depend on 
the virus inoculum sources, vector population and dynam-
ics, stage of infection, surrounding agro-ecology and plant 
resistance to the disease (Bosque-Pérez 2000). Nonetheless, 
its incidence can lead up to 100% yield losses in susceptible 
maize cultivars if MSV outbreak occurs in the presence of 
drought or irregular early rains (Danson et al. 2006). The 
unpredictable vector survival and migratory patterns makes 
breeding for MSVD resistance, as well as its management 
under field conditions, extremely difficult (Danson et al. 
2006).
Initial report describing the genetics of MSV resist-
ance concluded the resistance to MSV to be quantitatively 
inherited (Gorter 1959). Contrarily, Storey and Howland 
(1967) suggested monogenic resistance with incomplete 
dominance. However, following the establishment of Inter-
national Institute of Tropical Agriculture (IITA) at Ibadan, 
Nigeria, IITA scientists in collaboration with the Interna-
tional Maize and Wheat Improvement Center (CIMMYT) 
and national programs in SSA, initiated rigorous screening 
for MSV resistance under controlled artificial infestation 
facilities developed at IITA. This led to the development of 
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the MSV resistant line IB32 which was derived from TZ-Y 
(Tropical Zea-Yellow) material (Efron et al. 1989). Subse-
quent, genetic study involving IB32 suggested quantitative 
inheritance of resistance to MSV conditioned by 2–3 genes 
with additive type of gene action (Kim et al. 1989). Simi-
larly, Rodier et al. (1995) also suggested that multiple loci 
(major and minor) are associated with different levels of 
resistance to MSV (partial to complete) in maize.
With the advent of molecular markers, it has been well 
established that genetic resistance to MSV is governed by 
several loci depending upon the source material (Redin-
baugh and Zambrano 2014). However, a major locus on 
chromosome 1, referred to as Msv1 accounted for 40–76% 
phenotypic variation, has been consistently reported in map-
ping populations derived from different MSV resistant lines 
(Welz et al. 1998; Kyetere et al. 1999; Pernet et al. 1999a, 
1999b). This locus had shown additive or partial dominant 
gene action depending on the resistance source (Welz et al. 
1998; Kyetere et al. 1999; Pernet et al. 1999a, b; Nair et al. 
2015). Recently, the fine mapping of Msv1 locus enabled to 
delimit the region to 0.87 cM, harbouring candidate gene, 
GRMZM2G046848 which is a U-box domain containing 
tyrosine kinase family protein (Nair et al. 2015). Moreover, 
some additional quantitative trait loci (QTLs), with moder-
ate to minor genetic effect for MSV resistance, have been 
also mapped on chromosomes 2, 3, 4, 6, 7, 9 and 10 but 
appear to be mostly either germplasm and/or environment 
specific (Redinbaugh and Zambrano 2014).
The deployment of maize cultivars resistant to MSV is 
the most preferred approach in SSA where approximately 55 
million smallholder farmers depend on its cultivation. Thus, 
identification of new loci associated with MSV resistance in 
maize is highly relevant, because the over dependence on a 
single locus (Msv1) can pose a major threat to continue to 
develop maize cultivars with durable resistance to the virus 
in the SSA. In order to diversify the sources of genes for 
MSV resistance, we aimed to map loci conferring resistance 
to MSV in maize using a  F2:3 population.
Materials and methods
Development of mapping population, inoculation 
for MSV infection and phenotyping
Among the maize inbreds previously screened for MSV at 
IITA-Ibadan, Nigeria, an inbred ((KU1414x9450)x9450)-
15-2-1-BBB-1-B*11 (hereafter referred to as KU-R) was 
identified as having moderate resistance to MSV infec-
tion which displayed a reduction in symptom severity 
in the newly emerging leaves, resulting in high percent 
recovery from MSVD (Table  1). While the genotype 
(GT-MAS:GkxKU1414SRxGT-MAS:Gk)-8-1-2-4-B*12 
(hereafter referred to as GT-S) showed relatively moderate 
level of susceptibility to MSV with very low recovery from 
infection under field conditions. Based on field analysis, 
both inbreds (KU-R as female and GT-S as male) were 
crossed to produce  F1 hybrid in breeding nursery at IITA-
Ibadan, Nigeria (7° 29′ 11.99″ N, 3° 54′ 2.88″ E, altitude 
190 m). In order to develop a  F2:3 mapping population, 
unselected  F2 plants were self-pollinated (Veldboom et al. 
1994). During the major crop season of 2017, a total of 
105  F2:3 lines were phenotyped along with their paren-
tal lines for resistance to MSV under controlled artificial 
infestation in an insect-proof screenhouse at IITA-Ibadan, 
Nigeria. Each line was planted in pot and the pots were 
arranged in an alpha-lattice design with two replications 
each with eight plants per line per replication. A highly 
MSV susceptible line (Pool 16) was also grown alongside 
the test lines to verify that plants were properly inocu-
lated by the viruliferous leafhopper vector. One-week old 
seedlings were artificially inoculated with a laboratory 
reared viruliferous leafhopper (C. triangular) colony in a 
screenhouse at 25–30 °C. Subsequently, visual evaluation 
of MSV symptoms on individual test plants was rated in 
 F2:3 lines for MSVD severity using a scale of 1–5 (Fig. 
S1) following 2 weeks after inoculation (WAI) at weekly 
Table 1  Descriptive statistics of the phenotypic variation for different components of MSVD resistance in parents and their  F2:3 progenies
AUDPC, area under the disease progress curve; KU-R, ((KU1414x9450)x9450)-15-2-1-BBB-1-B*11 resistant to MSV; GT-S, (GT-
MAS:GkxKU1414SRxGT-MAS:Gk)-8-1-2-4-B*12 susceptible to MSV; WAI, weeks after inoculation; Std., standard deviation; Skew, skew-
ness; Kurt, kurtosis;  h2(bs), heritability in broad sense
Trait Week Parents F2:3 population Skew Kurt h2(bs)
KU-R GT-S Mean Std. Range
MSVD severity Mean 2.67  ±  0.15 4.08 ± 0.19 3.85 0.529 2.67–4.90 − 0.162 − 0.549 0.960
4WAI 3.00 ± 0.00 5.00 ± 0.00 4.38 0.576 3.00–5.00 − 0.501 − 0.511 0.939
5WAI 2.60 ± 0.10 4.00 ± 0.00 3.88 0.607 2.60–5.00 0.044 − 0.430 0.941
6WAI 2.40 ± 0.20 3.25 ± 0.05 3.30 0.573 2.00–4.80 0.262 − 0.260 0.945
Percent MSVD recovery 50.6±2.60 35.0 ± 1.00 32.48 11.41 4.0–60.0 − 0.259 − 0.122 0.927
AUDPC 88.7 ± 3.85 126.9 ± 0.87 119.6 12.52 90.5–139.0 − 0.361 − 0.462 0.947
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intervals for 6 weeks as described previously (Kim et al. 
1989; Soto et al. 1982). Percent MSVD recovery was esti-
mated as percent decrease in symptom severity at 6WAI 
compared to the maximum MSVD severity observed in the 
line during the 2 to 6WAI period. The symptom severity 
scores were also used to estimate the Area Under the Dis-
ease Progress Curve (AUDPC) (Shaner and Finney 1977).
DNA sampling and DArT genotyping
Samples were collected by punching leaves of each plant 
individually, and DNA extraction was performed from 
lyophilised samples using DArT protocol (www.diver sitya 
rrays .com). The DNA quality of each sample was moni-
tored on 1% agarose gel and subsequently quantified using 
ND-1000 Spectrophotometer (Nanodrop Technologies). 
Library construction, sequencing and SNP calling was per-
formed at the DArT Facility, Canberra, Australia. SNPs 
were called using DArTsoft analytical pipeline (http://www.
diver sitya rrays .com/softw are.html#darts oft). The sequenced 
reads were aligned with the sequence tag based in the maize 
meta-genome representation. A total of 3477 unimputed 
SNPs were successfully called within this  F2:3 population.
Linkage map construction and QTL analysis
Each marker locus was tested for the expected allelic fre-
quency of 0.5 by Χ2 tests in JoinMap4.0® (Van Ooijen 2006). 
The Kosambi mapping function was used to convert recom-
bination values to map distances. The genetic map quality 
was assessed by comparing the positions of the mapped 
markers in each linkage group with their positions in the 
B73 reference genome version 4.0. Finally, the linkage map 
was constructed with 948 SNP markers (Table S1).
QTL identification was done using Inclusive composite 
interval Mapping using IciMapping v.4.1 software. IciMap-
ping software was chosen due to its improved algorithm of 
CIM with an increased power to detect the QTLs as well as 
its capacity to reduce false detection rates and a lower biased 
QTL effect estimates (Manavalan et al. 2015). A QTL was 
considered as major QTL if it accounts for more than 10% 
phenotypic variance explained (PVE).
Statistical analysis
Analyses of variances were performed for all traits using 
PROC GLM in SAS software version 9.1 (SAS Institute 
2003). Genotypes were considered as fixed effect while rep-
lications and blocks within replications as random effects. 
Data in percent were arcsine transformed before perform-
ing the analysis, but the original value was reported after 
back-transformation.
Results
F2:3 lines response to MSV inoculation
The susceptible check (Pool 16) and the parents exhib-
ited 100% MSV incidence starting from 2WAI. At 3WAI, 
MSVD severity in the mapping population was at peak 
with the mean value of 4.8 at five-point scale (Fig. S2). 
Subsequently, the mapping population showed evidence of 
recovery. The inbred KU-R used as resistant parent dis-
played mean MSVD severity of 2.67 while the suscepti-
ble parent (GT-S) exhibited mean MSVD severity of 4.08 
(Table 1). The differences in reaction to MSVD severity 
was much more pronounced between both parents at 4WAI 
(Table 1; Fig. S2). Under heavily diseased conditions, 
the resistant parent, KU-R, showed significant reduc-
tion in disease severity from 2WAI to 6WAI stage which 
is consistent with our previous observations under field 
conditions. In general, frequency distribution of MSVD 
severity showed significant skewness toward the suscep-
tible parental mean (Table 1; Fig. S2). The broad sense 
heritability estimates for mean MSVD severity as well as 
specific stage (4, 5 and 6 WAI), percent MSVD recovery 
and AUDPC varied between 0.927 and 0.960.
Genetic map
A total of 23,198 SNP markers were generated by the 
maize DArTseq (1.0) array and filtering for high quality 
polymorphic SNPs between both parents reduced the num-
ber of SNPs to 3477. Of these SNP markers, 1763 SNP 
markers displaying minimal segregation distortion were 
considered for the map construction. Subsequently, after 
removing the completely linked markers with no more 
than 10% of missing data, 948 SNP markers remained, 
which could be assembled into stable framework order into 
10 linkage groups corresponding to the number of haploid 
chromosomes (Fig. S3). The map spanned a cumulative 
distance of 5512 cM with an average inter-marker spacing 
of 5.90 cM and a maximum spacing of 33.8 cM (Table 2). 
Chromosome 1 had the highest number of markers (150), 
while chromosome 3 contained lowest number of markers 
(58). The length of linkage groups varied from 390.8 cM 
(Chr. 3) with a mean distance of 6.74 cM between adja-
cent markers to 827.1 cM (Chr.1) with a mean distance of 
5.51 cM between adjacent markers. Chromosome 5 had 
the highest marker density (1 marker per 5.19 cM) while 
chromosome 9 contained the lowest marker density (1 
marker per 6.81 cM). The positions of DArT markers on 
each chromosome were in general consistent with physical 
positions on B73 genome (Table S1).
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QTL analysis for components of MSVD resistance
QTL analyses were performed on MSVD severity at differ-
ent stages (4, 5 and 6 WAI) as well as mean MSVD severity, 
percent MSVD recovery and AUDPC using the genotypic 
data from 948 DArT markers. By using a LOD score of 2.5, 
Inclusive composite interval mapping under the additive 
model (ICIM-ADD) identified eighteen QTLs for MSVD 
resistance, ranging from 1 to 6 QTLs per parameter, six 
located on chromosome 4, four on chromosome 5 and two 
each on chromosome 1, 2, 3 and 7 (Table 3). QTL analysis 
revealed that a total of eleven genomic regions were involved 
in resistance to MSVD (Fig. S3).
For MSVD severity at 4WAI, two major QTLs 
(qMS4wai_4a and qMS4wai_4b) on chromosome 4 and one 
minor QTL (qMS4wai_5) on chromosome 5 were detected, 
accounting for 7.8–21.4% phenotypic variation with LOD 
score of 3.2 to 8.2. QTL, qMS4wai_4b had the largest effect 
on this trait, explaining 21.4% of the total phenotypic vari-
ation. Both parents contributed favourable alleles for this 
trait; the resistant parent (KU-R) allele at qMS4wai_4b and 
the susceptible parent (GT-S) alleles at qMS4wai_4a and 
qMS4wai_5 loci were associated with reduction in MSVD 
severity at 4WAI. Type of gene action observed was addi-
tive on qMS4wai_4a and qMS4wai_5, and overdominance 
on qMS4wai_4b. For MSVD severity at 5WAI, only a sin-
gle major QTL on chromosome 2 was detected, accounting 
for 13.8% phenotypic variation with LOD score of 2.5. For 
this QTL, the allele from GT-S parent was favourable and 
type of gene action observed was partial dominance. While, 
three QTLS (qMS6wai_2, qMS6wai_3 and qMS6wai_7) 
were detected for MSVD severity at 6WAI. The QTL with 
the largest effect was qMS6wai_3 (PVE = 11.3%). For all 
the QTLs, the favourable alleles were contributed by GT-S 
and the effects of the alleles at the QTL involved in this trait 
were partial or over dominance.
For mean MSVD severity, five QTLs accounting for 
7.3–18.2% PVE  were detected on chromosomes 1, 3, 4 and 
5. Of these QTLs, one QTL (qMMS_3) on chromosome 3 
and two QTLs (qMMS_4a and qMMS_4b) on chromosome 
4 were found to be major QTLs that could account for > 10% 
of the phenotypic variance. The resistant parent (KU-R) 
contributed the favourable allele at all the QTLs for this 
trait including the major QTLs qMMS_3 and qMMS_4b on 
chromosome 3 and 4 with additive and overdominance gene 
action, respectively, except qMMS_4a where GT-S contrib-
uted the allele to lower MSVD severity.
Interestingly, only single but major QTL (qPMR_7) 
located on chromosome 7 was identified for percent MSVD 
recovery, which could explain 12.2% phenotypic variance. 
The resistant parent (KU-R) contributed the favourable allele 
for the QTL with overdominance gene action.
Considering the QTLs associated with AUDPC, a total of 
five QTLs were found on chromosomes 1, 4 and 5 explain-
ing between 7.0 and 17.8% of the phenotypic variance. Of 
these QTLs, two QTLs (qAUDPC_4a and qAUDPC_4b) 
detected on chromosome 4 were found to be major QTLs. 
The parent KU-R alleles at qAUDPC_1, qAUDPC_4b and 
qAUDPC_5a, and alleles from GT-S at qAUDPC_4a and 
qAUDPC_5b contributed to lower AUDPC. All type of gene 
action, additive to overdominance appeared to act for QTLs 
associated with AUDPC.
Epistatic interactions for components of MSVD 
resistance
The epistatic interactions for components of MSVD resist-
ance were also analysed. As a result, 47 pairwise QTLs with 
epistatic interactions were identified for MSVD severity at 5 
and 6 WAI, mean MSVD severity and percent MSVD recov-
ery (Fig. 1). These epistatic QTLs (E-QTLs) were mapped 
to all the chromosomes (Table  S2). Of these E-QTLs, 
most of E-QTLs were involved in MSVD severity at 5WAI 
(31 E-QTLs) and percent MSVD recovery (12 E-QTLs) 
accounting for 2.1–2.6% and 2.5–6.1% phenotypic variation, 
respectively. Interestingly, only two E-QTLs were detected 
for each MSVD severity at 6WAI and mean MSVD severity 
which explained 14.1–17.6% and 12.2–17.8% phenotypic 
variation, respectively. It is noteworthy that of the eleven 
genomic regions involved in direct effect QTL, five genomic 
regions were found to be involved in E-QTLs suggesting 
complexity of epistatic interactions for MSVD resistance. 
The major QTL associated with MSVD severity at 5WAI 
on chromosome 2, was also detected to be involved in inter-
action on chromosome 4 (0 cM) and 6 (205 cM) for mean 
MSVD severity which explained very high phenotypic vari-
ance (PVE; 12.2% and 17.8%, respectively).
Table 2  Summary of the linkage map constructed using  F2:3 popula-
tion derived from cross between KU-R and GT-S
Linkage group/
chromosome
Number of 
markers
Length (cM) Maximum 
gap (cM)
Average 
gap (cM)
1 150 827.1 14.3 5.51
2 127 745.4 30.7 5.87
3 58 390.8 33.8 6.74
4 106 622.6 14.3 5.87
5 106 550.3 20.6 5.19
6 107 571.5 20.1 5.34
7 63 426.8 20.1 6.77
8 82 482.1 20.1 5.88
9 65 442.7 29.9 6.81
10 84 452.5 13.9 5.39
Total 948 5512 – –
Average 94.8 551.2 – 5.90
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Discussion
Genetic basis of quantitative resistance to MSVD was 
studied in a  F2:3 population derived from a cross between 
two maize inbreds with contrasting resistance reactions to 
MSV. The frequency distribution of different parameters 
for MSVD resistance indicated that multiple genetic factors 
play an important role in resistance to MSV within the  F2:3 
lines. As shown in Table 1, none of the  F2:3 lines were com-
pletely resistant suggesting the resistance conferred by par-
ent KU-R provides partial protection against MSVD similar 
to that conferred by other MSVD resistant source such as 
CML202 (Asea et al. 2009). We identified twelve QTLs on 
chromosomes 1, 2, 3, 4, 5 and 7 for MSVD severity at dif-
ferent stages as well as mean MSVD severity, one QTL on 
chromosome 7 for percent MSVD recovery and five QTLs 
for AUDPC on chromosome 1, 4 and 5.
To date, the major QTL for MSV resistance on the chro-
mosome 1 (Msv1) reported elsewhere using different maize 
genotypes was not detected in the present study (Welz et al. 
1998; Kyetere et al. 1999; Pernet et al. 1999a, 1999b; Asea 
et al. 2009; Nair et al. 2015), indicating that Msv1 locus is 
not involved in the MSVD resistance in this population and 
the reaction of the resistant genotype seems to be associated 
with reduced virus replication. Nonetheless, some QTLs 
detected in this study corresponded well to the previously 
reported QTL for virus causing diseases including MSVD 
in maize (Table S3).
Most notable aspect of this study is that two genomic 
regions on chromosome 4 contained overlapping major 
QTLs for different components of MSVD resistance such 
as mean MSVD severity, MSVD severity at 4WAI and 
AUDPC. Nonetheless, these loci are most likely to be 
unique, as the chromosome 4 QTLs does not include any 
known gene or QTL related to MSVD in maize. Notably, 
a genomic region on chromosome 7 (12.8–33.0 Mbp) co-
localized with a major QTL for percent MSVD recovery 
and a minor QTL for MSVD severity at 6WAI could be an 
effective target for breeding purposes. It is noteworthy to 
mention that this genomic region had also been previously 
reported to contain genetic factor for MSVD resistance (Per-
net et al. 1999a). The consistently detected QTL for MSVD 
suggested the qPMR_7 locus needs to be fine mapped as it 
encompasses a quite large region (~ 20 Mb). Moreover, the 
minor QTLs detected on chromosome 1 (275.7–279.1 Mbp), 
2 (15.6–17.6 Mbp) and 5 (199.5–210.8 Mbp) for MSVD 
resistance also showed good consistency with previous 
results of Pernet et al. (1999a, b).
Epistatic interactions are quite common and have been 
previously reported to be an important component of the 
genetic basis of disease resistance in maize including 
viral diseases (Xia et al. 1999; Wu et al. 2007; Jones et al. 
2011). Of the epistatic loci detected in the present study, 
two epistatic QTLs each for MSVD severity at 6WAI and 
mean MSVD severity explaining high phenotypic variation 
suggest important role of epistatic interactions in MSVD 
resistance. Nonetheless, the power to detect epistasis varies 
with the size of the population, therefore, it is possible that 
effects of epistatic QTLs observed here might be overes-
timated when compared to using a larger population size 
(Carlborg and Haley 2004). Recently, Zambrano et al. (2014) 
also reported major interaction explaining up to 28% more 
of the total variance than the sum of their individual QTL 
effects for SCMV resistance in maize.
In general, it has been seen that loci conferring resistance 
to pests and diseases, including viruses, are often clustered 
in the maize genome which may be due to the numerous fac-
tors such as gene duplication, unequal crossing-over, inser-
tion of transposons, effect of selection and recombination 
over time (Friedman and Baker 2007; Gururani et al. 2012; 
Lozano et al. 2012). In agreement with previous studies, 
six of the eleven genomic regions identified in this study 
also have been previously reported for either MSV or for 
other maize diseases including virus causing diseases such 
as SCMV (Xia et al. 1999; Zhang et al. 2003; Gustafson 
et al. 2018), MStV (Dintinger et al. 2005), MRDD (Luan 
et al. 2012) and MLND (Gowda et al. 2018) which clearly 
indicate the presence of gene clusters influencing resistance 
Fig. 1  Cyclic illustrations of epistatic interactions of QTLs associated with different components of MSVD resistance (a, b MSVD severity at 
5WAI and 6WAI, respectively c mean MSVD severity and d percent MSVD recovery) in maize  F2:3 population
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to multiple diseases in maize. Nevertheless, there is no 
evidence that they could be considered as the same QTL, 
because the underlying mechanisms are still unknown. The 
feature of broad-spectrum resistance makes the stacking 
of such major QTL with Msv1 locus appealing in practical 
applications because the divergent strains have biological 
significance in resistance to MSV and these QTL could have 
large effects in other germplasms.
Conclusions
Breeding resistant maize cultivars is the most cost-effective 
way to minimize yield losses from MSVD in sub-Saharan 
Africa. Thus, the main idea of mapping MSVD associated 
loci is to identify alternate source of Msv1 locus. This may 
greatly facilitate the stacking of the novel MSV QTLs to 
the lines relying on only Msv1 locus for MSVD resistance 
through marker-assisted selection. The two genomic regions 
on chromosome 4 having co-localized major QTLs seems to 
be novel, but further experiments are needed to validate their 
consistency in different genetic backgrounds. Other major 
QTLs, including the one on chromosome 7, coincided with 
the QTLs identified in previous studies for virus caused dis-
eases including MSV in maize, suggesting the presence of 
gene clusters in these regions for resistance to virus dis-
eases. The fine-mapping of major QTL consistently detected 
on chromosome 7 may lead to the discovery of novel MSV 
resistance mechanisms in maize. Finally, our result suggests 
that the QTL region identified on chromosome 4 and 7 may 
be exploited in breeding programs to develop maize varieties 
with durable resistance to MSV in Africa.
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